INTRODUCTION
the probability of these switches can also be computed. These "transition probabilities" 153 depend on the couple (c i , c j ) and on the distance between the positions k and k+1. 154 A Markov process, where PC stands for states, can be used to approximate this process 155 (Thompson, 1994) . In that case, the PC inherited (i.e. state) at locus k+1 is dependent on the 156 PC inherited at locus k, and is assumed conditionally independent on PC inherited at previous 157 loci: Consequently, the genetic process can be approximated through the stochastic process of a 160
Markov chain: this reduces to first, describing the prior probability to be in any given state 161 (PC) and second, to computing the transition probabilities between PC. 162
In the case of crossover interference, the Markov property is not valid. In addition, previous 163 studies showed that in some particular pedigrees, the Markov assumption is not appropriate 164 As already mentioned above, this probability is the probability that the TC c is IBD with the 177 PC c j in position k+1 when the TC is IBD with PC c i in position k. 178
Two situations exist: 179
• If i = j, this means that no recombination occurred between these two positions for the G i 180 generations between this PC and the TC. The probability is: 181 P[c(k+1) ≡c j (k+1) | c(k)≡c i (k)] = (1-r) Gi [1] 182 where r is the recombination fraction between positions k and k+1. 183
• If i ≠ j, we can decompose the situation into three necessary events. The first two events 184 lead to a chromosome where positions k and (k+1) originate from PC i and j respectively. 185
The last event is then similar to the previous situation: 186
• On the pedigree paths from c i and c j to c, there must be at least one common ancestor 187 where the two paths merge. We note this ancestor 'a' (see examples in File S1). The 188 probability for the PC i and PC j to proceed down to this ancestor at positions k and 189 k+1, respectively, is 0.5 (Gi-Ga) *0.5 (Gj-Ga) where G a is the number of generations between 190 the ancestor a and the TC. 191
• After reaching this common ancestor, the two chromosomes need to recombine in the 192 next meiosis, leading to the needed hybrid chromosome m in the next generation, with 193 m(k) = c i (k) and m(k+1) = c j (k+1). The probability for this recombination is r. In 194 addition, this recombinant haplotype is transmitted to the next generation with 195 probability 0.5, resulting in a total probability of 0.5*r for this event. 196
• For the remaining (G a -1) generations, the hybrid chromosome has to be handed down 197 without recombination. The probability to do that is 0.5 (Ga-1) *(1-r) . 198
As a consequence, we have the following joint probability: 199 P[c i (k) ≡ c(k) , c j (k+1) ≡ c(k+1)] = 0.5 (Gi+Gj-Ga) *r*(1-r) 200
The needed conditional probability P[c(k+1)≡c j (k+1) | c(k)≡c i (k)] can be obtained by dividing 201 this joint probability by P k [c(k) ≡ c i (k)] which is simply 0.5
Gi . To summarize, the transition 202 probability is then: 203 P[c(k+1)≡c j (k+1) | c(k)≡c i (k)]= 0.5 (Gj-Ga) *r*(1-r) (Ga-1) .
[
2] 204
Estimating the probability of one sequence of parental chromosomes. When (1-ε) (Np-Nd) ε Nd where ε is a small value (typically, 0.001) and Nd is the number of differences 235 between alleles of h c and alleles of the PC in the sequence j. 236
For phantom PC, both genotypes and haplotypes are unknown. Therefore, we replace known 237 or estimated haplotypes by the probability that phantom PC carries allele i at marker m, taken 238 to be equal to the frequency of allele i at marker m.several paths. Transition probabilities are computed for all pairs of paths in P(c) and 246 haplotypes from the PC at the top of the path are used in equation [4] . In addition, paths from 247 PC to TC might share more than one common ancestor in which recombination could occur. characterized by a set of states, and corresponding sets of initial probabilities (to be in any of 275 the states) and transition probabilities (between any ordered pair of states). As mentioned 276 earlier, our description of the transmission of pieces of chromosomes from a set of PC to a TC 277 closely resembles to this definition of Markov chain: the N PC parental chromosomes could be 278 used as states. Note also that PC are not directly observed but "emitted" haplotypes can be 279 obtained by genotyping and haplotype reconstruction and that the alleles of the haplotypes 280 depend only on the PC (hidden state) inherited at the corresponding position. 281
In the present study, we thus propose to use a HMM to identify the origin of a chromosome 282 segment among the genotyped PC in the pedigree (see File S2 for more details on the 283 algorithm). The initial states and transition probabilities of our HMM are defined by 0.5
Gi and 284 equations [1] and [5], respectively. The emission probability at marker k is equal to 1.00-ε (ε) 285 if the allele in TC is equal (different) to the allele in the PC for that marker, where ε is the 286 probability of error (e.g., genotyping errors, mutations). When the PC is a "phantom" PC, the 287 emission probabilities are equal to the frequency of the observed marker allele. 288
The model implemented in this study relies on known haplotypes for TC and genotyped PC 289 eventually obtained by other programs (e.g., Druet and Georges, 2010). We discuss this 290 assumption later in the paper. Paternal and maternal chromosomes are modeled 291 independently. founder lines), we changed the design to a complete diallele cross among the 26 founders and 327 further crossed the F1 for three additional generations (as described for the MAGIC data set). 328
Genotypes for the 175 SNP on chromosome 1 (~200 Mb) were downloaded from 329 http://www.panzea.org/lit/data_sets.html#NAM_map. 330
For the three populations, data were simulated by using real pedigree for dairy cattle and 331 described pedigree for plants and by transmitting the haplotypes from genotyped ancestors to 332 offspring using mendelian segregation rules and recombination probabilities (assuming 1 cM 333 = 1 Mb). In dairy cattle data, phantom PC haplotypes were selected randomly from the 484 334 individuals mentioned above. Furthermore, with this dataset, a subset of 164 markers (the 335 SNP with the highest MAF was selected every Mb) was used to test the estimation of IBDp at 336 a lower marker density. 337
In dairy cattle, haplotypes of really genotyped animals were assumed known while in plants, 338 all haplotypes of founder and last generation individuals were assumed known. Pedigrees 339 were also considered as known. To test the impact of missing genotypes on the estimation of 340
IBDp, 1 or 5 % of marker alleles were randomly erased in the dairy cattle data set. Similarly, 341
we randomly generated 0.01, 0.1 and 1 % genotyping errors in the dairy cattle data set to 342 study the effect of genotyping errors (the error rate ε used by the model was equal to 0.001 in To illustrate a potential application of the method, we mimicked imputation of markers from a 365 dense SNP panel with genotypes from a low density SNP chip. Using the dairy cattle data 366 described above, we conserved all the genotypes from the 1000 animals representing the PC 367 in the simulation study, while for the remaining 3732 individuals, we conserved only 164 368 markers per animal (the same as in the simulation study). 369
Haplotypes of reference and target individuals were reconstructed using Beagle (Browning 370 and Browning, 2007) and DAGPHASE (Druet and Georges, 2010) as described in Zhang and 371 Druet (2010) . 372
The method described in the present study was then used to estimate IBDp between TC and 373 PC. Missing alleles were then predicted by combining IBDp and alleles observed in PC as 374 follows: 375 376 where is the probability that haplotype x at marker k carries allele m (1 if yes, 0 if 377 no, when haplotype is known) and P k (c ≡ x) is the estimated IBDp between PC x and TC c at 378 marker k. For ungenotyped ancestors (phantom PC), the frequency of the marker allele was 379 used instead of the observed allele. Allelic probabilities of both chromosomes from an 380 individual were then combined to obtain genotype probabilities. These probabilities were used 381 to compute estimated number of allele "1" per genotype (ranging from 0 to 2). The number of 382
Distributions of IBDp for TIPC with the four simulated data sets are presented in Figure 1 . 391
The curves indicate that a large majority of the estimated IBDp are above 0.99 and very few 392
at low values for all simulated designs, stressing the ability of the method to identify with 393 high probability the TIPC. The mean IBDp for TIPC was equal to 0.9798 and 0.9415 in the 394
Arabidopsis thaliana and maize designs, respectively. For the Arabidopsis thaliana design, 395
IBDp of TIPC was higher than 0. estimated IBDp were low more frequently, clearly indicating a lack of power to detect 413 phantom TIPC. For these TIPC, emission probabilities are equal to allele frequencies whileactually observed on the PC. By chance, emission probability associated to a genotyped PC 416 can be higher that the product of allele frequencies, leading to an incorrect assignment. In 417 addition, PC closer (in terms of the number of generations) to TC will have higher transition 418 probabilities than phantom PC, often separated from TC by more generations. When more 419
genotyped PC are present in the set of PC, the probability to obtain by chance one PC with 420 emission probability higher than the product of allele frequencies increases. This is illustrated 421
in Table 1 genotyped from three to eight generations (see material and methods for more details) for the 439 high (low) density map (see Table 1 
Accuracy of IBD probabilities estimation 491
We herein present a method aimed at estimating IBDp between a TC and a set of PC. Since 492 the method relies on concordance of haplotypes from TC and PC, it will be more efficient 493 when more markers are available per inherited segment. The size of these segments is 494
proportional to the inverse of the number of generations from the PC to the TC. Therefore, the 495 method will be more efficient for closer PC and for higher marker densities. On simulated 496 data set based on real founder haplotypes and pedigree structures, the method assigned high 497
IBDp to the TIPC in a large majority of the cases and low IBDp to the other PC, even for 498 maps, these problems occur more often because it is more likely that two PC have similar 504 haplotypes and because less informative markers are available to precisely determine where 505 crossing-over take place. Therefore, the estimated IBDp of TIPC decreased with lower 506 density marker maps. Figure 3 indicates that estimated IBDp are well calibrated and are equal 507 to the probability that a PC is a TIPC. Therefore, it is possible to identify regions where the 508 TIPC can not be determined precisely. 509
Results also showed that the estimation of IBDp was less efficient for regions inherited from a 510 phantom PC. The method should therefore ideally be applied to designs with limited number 511 of phantom PC, especially when these are close ancestors of the TC. Phantom PC are 512 The impact of PC incorrect assignments might be limited for markers allele prediction. 516
Indeed, in regions where the method can not precisely determine the haplotype origin, the 517 method proposes several origins which are very similar to each other and to the TC. Due to 518 this similarity, the method is not able to determine the correct origin but thanks to this 519 similarity, the correct marker allele is anyway predicted. Therefore, the method proved to be 520 efficient to predict marker alleles, even with lower map densities. 521
Consequences of approximations of the model 522
In this study, we assumed that haplotypes are known. In inbred species (such as some plants 523 or mice), haplotypes are indeed known. Furthermore, Druet and Georges (2010) showed that 524 with the current marker densities, haplotype reconstruction can be achieved very efficiently in 525 livestock species, especially for important parents with many offspring, like tested sires in 526 artificial insemination contexts. For genotyped (eventually at lower density) target 527 individuals, haplotypes can be partially reconstructed based on homozygous markers and 528 familial information such as a genotyped parent. 529
When using inferred haplotypes with the dairy cattle design, IBDp of TIPC remained high 530
showing that the method was still efficient when haplotyping can be performed as accurately 531 as in dairy cattle. In cases where haplotyping reconstruction generates many errors, it is likely 532 that estimation of IBDp will be less accurate particularly when errors occur in TC. Since, the 533 efficiency of the method was less affected by missing genotypes than by genotyping errors, 534 we advise to reconstruct portions of haplotypes which can be inferred very accurately (for 535 instance thanks to homozygous markers or mendelian segregation rules) and consider other 536 markers as missing. 537
Results showed that the method remained efficient with missing genotypes and genotyping 538 errors in normal conditions. Indeed, we tested call rates as low as 95% whereas, for instance, 539 with genotyping arrays used in cattle, call rates are above 99% on average. Genotyping errorsrates were set as high as 1% while use of genotyping arrays generally results in less than 0.1% 541 error rates. 542
The effect of missing genotypes is to reduce marker density since we don't have information 543 for some markers. Reduction of marker density by a few percent has a small impact on 544 estimation of IBDp. 545
Results, on simulated and real data, proved that the Markov approximation of the IBD process 546 along the chromosome between a TC and its PC was efficient in our designs. 547
Comparison to other methods 548
Since our method models the entire chromosome and allows to directly estimate IBDp 549 between haplotypes separated by more than one generation, it should achieve better results 550 than traditional methods based on linkage equilibrium which rely mostly on genotypes of 551
close relatives and flanking markers such as Wang et al. (1995) or Pong-Wong et al. (2001). 552
However, our method is less suited to very sparse marker maps. For moderate and high 553 marker densities our method has reasonable computational costs, which might not be the case 554 for multipoint linkage methods using MCMC techniques (Heath, 1997) . computationally efficient on the data set used in this study (Merlin could not cope with our 559 large pedigree). In comparison, our method uses only information from ancestors, ignores 560 other relatives and models both chromosomes separately. In consequence, it works in sub-561 pedigrees including only the TC and their ancestors, which makes it computationally efficient. 562
Our results showed that for designs where haplotypes of important parents can be 563 reconstructed precisely (based on LD or information from progeny), the IBDp between TC 564 and PC can be efficiently computed using our method and can be useful to transfer 565 
IBDp for TIPC with bovine data
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Figure. Pedigree of the example, genotyped animals are represented in grey (squares for males and circles for females).
The subset C(c) of potential parental chromosomes of a given chromosome c
Noting i M (i P ) the maternal (paternal) chromosomes of individual i, we can find C(1 M ) as explained in the method section:
• The potential PC of 1 M are 3 P and 3 M , and these chromosomes are not genotyped.
• Using the same process for 3 P , the PC are then 6 P and 6 M . Since these chromosomes are genotyped, they are included in C (1 M ) an the process stops here along that path.
• Now, using the same process for 3 M , the PC are now 7 P and 7 M , which are not genotyped. So we have to repeat the process for these two chromosomes.
• 7 P leads to 2 new genotyped chromosomes to be included in C(1 M ), i.e. 9 P and 9 M , while 7 M leads to two ungenotyped chromosomes 8 P and 8 M , and the process is to be repeated again.
As a result, we have that C(1 M ) = {6 P , 6 M , 8 M , 9 P , 9 M , 10 P , 10 M }, which means that 1 M is a mosaic of these chromosomes. It also means that any locus on 1 M is IBD with the corresponding locus on one of these chromosomes. In terms of probabilities, the consequence is that
when the sum is taken over all chromosomes making up C(c), where P(c(k) ≡ x(k)) denotes the probability for c to be IBD with x at a given locus k.
Initial state probabilities
To illustrate the property that the initial probabilities sum over C(c) to 1, in the example described above, the IBDp for the beginning of chromosome 1 M are:
P(1 M (1) ≡ 6 P (1)) = P(1 M (1) ≡ 6 M (1)) = 0.5 2 =0.25, P(1 M (1) ≡ 9 P (1)) = P(1 M (1) ≡ 9 M (1)) = P(1 M (1) ≡ 8 M (1)) = 0.5 3 = 0.125, P(1 M (1) ≡ 10 P (1)) = P(1 M (1) ≡ 10 M (1)) = 0.5 4 = 0.0625
and we have that
State transition probabilities
As explained in the paper, when PC (ci and cj) are distinct at positions k and k+1, then on the pedigree paths from ci and cj to c, there must be at least one common ancestor where the two paths merge. We note this ancestor 'a'. To illustrate on the example, if ci = 10 P and cj = 9 M , a = 7. Similarly, if ci=6 M and cj=9 P , a = 3.
Example in case of inbreeding
The figure below represents the maternal branch of the pedigree of individual #1. One ungenotyped great-grand-parent (male #5) is parent of both grand-parents. Both parents of individual #5 (individuals #8 and #9) are genotyped and carry PC.
Figure. Example of inbred pedigree, genotyped animals are represented in grey (squares for males and circles for females). A. Maternal branch of the pedigree. B. Each path from PC to TC is represented separately (the number of each distinct path is written in blue).
We start by representing each different path from PC to TC separately ( Figure, part B) . Paths were numbered from 1 to 16 (in blue).
For individuals #8 and #9, they are two paths to transmit chromosomes to individual #1. Through individual #3 or through individual #4. Therefore, individuals #5, #8 and #9 and the corresponding meioses appear twice in the figure (part B).
IBD probabilities are first computed for each path. Then IBD probabilities for each PC is obtained by summing IBD probabilities for each path leading from the concerned PC to the TC. For instance, in the first example in File S1, the set of parental chromosomes of TC 1 M is {6 P , 6 M , 8 M , 9 P , 9 M , 10 P , 10 M }. For this set, the three matrices are:
The matrix of independent meioses, Mi(i,j) (rows (i) correspond to PC at position k and columns (j) to PC at position k+1) is:
Np ∑ where π(j,i,k-1) is the transition probability from path j to path i between markers k-1 and k and a(i,k) is the emission probability of path i at marker k. where ρ is the recombination rate between markers k-1 and k.
The emission probabilities are equal to 1.000 if alleles on target and parental chromosomes are identical at marker k (1.00 if it is missing on one of the chromosomes).
Similarly, the backward algorithm (Rabiner, 1989) is implemented as follow. Initialization for all paths i at the last marker Nm:
Induction for all paths i and marker k :
€ β(i,k) = (β( j,k + 1) * π(i, j,k) * a( j,k + 1)) j =1
Np
∑
Finally, forward and backward probabilities can be combined to compute the probability that the hidden Markov chain went through hidden states i at marker k (corresponding to the probability that TC is identical by descent to PC i at marker k or the IBD probability between the TC and the PC i at marker k).
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